1. Introduction {#s0005}
===============

Phosphorus (P) is one of the major essential macronutrients of plants which regulates protein synthesis and plays an important role in biological development. Along with these essential functions, P is also associated with complex signal transduction, macromolecular biosynthesis, energy transformations, respiration and nitrogen fixation in legumes in the plant [@b0005]. Most of the P (95--99%) present in the soil is part of insoluble compound and hence cannot be utilized by plants [@b0010]. Since P is a stable element in soils, it does not form a gas (such as ammonia), therefore cannot move far from where it is applied. The reason for the stability of phosphate compounds in soils is that they are highly reactive and reacts rapidly with other compounds (such as Al^3+^, Ca^2+^ and Fe^3+^), which become increasingly insoluble in the soil. Therefore, the release and mobilization of insoluble and fixed forms of phosphorus is an important aspect of increasing soil phosphorus availability. To overcome this problem, most of the farmers regularly use chemical phosphate fertilizers which get incorporated into the soil. This applied phosphorus easily transforms into an insoluble and stable form with limited availability to plants and only 5% or less of the total amount of P in soil is available for plant nutrition [@b0015], [@b0020]. Due to the negative environmental impacts of chemical fertilizers and their increasing costs, the use of PSB is advantageous in the sustainable agricultural practices. The use of microbial inoculants possessing P-solubilizing activities in soils is considered as an environmental-friendly alternative to further applications of chemical based P fertilizers [@b0025]. Microbial intervention of PSB seems to be an effective way to enhance the phosphorus availability in soil.

The main mechanism of phosphate solubilization is the production of some organic acids. Among the organic acids produced, gluconic, formic acid, 2-ketogluconic, citric, oxalic, lactic, isovaleric, succinic, glycolic and acetic acids produced from P- solubilizing bacteria. Production of these organic acids results in the lowering of pH in the surroundings. The lowering in pH of the medium suggests the release of organic acids by the P-solubilizing microorganisms via the direct oxidation pathway that occurs on the outer face of the cytoplasmic membrane [@b0030], [@b0035]. These acids are the product of the microbial metabolism [@b0040]. Many reports suggest a positive correlation between lowering of pH and soluble P concentration in the medium. Some of the alternate mechanisms suggested are production of chelating compounds, inorganic acids sulfuric, nitric and carbonic acids. There are several reports of phytase producing organism. Richardson AE (1997) reported insoluble P solubilization by secreting phytase enzyme in Pseudomonas sp. [@b0045]. Several species of microorganisms are able to secrete phytohormones such as auxins, gibberellins, cytokinins, and nitric oxide which directly involved in plant growth and productivity [@b0050], [@b0055]. Microorganisms such as *Alcaligenes* sp., *Aerobactor aerogenes, Achromobacter sp., Actinomadura oligospora, Burkholderia* sp., *Pseudomonas* sp., *Bacillus* sp. and *Rhizobium* sp. are the most important phosphate solubilizers in soils. Apart from bacterial sp. some fungal stains are also reported as phosphate solubilizers such as *Aspergillus* sp. (*A. spergillus awamori, A. niger, A. tereus, A. flavus, A. nidulans, A. foetidus, A. wentii.*) and *Penicillium* sp. (*Penicillium digitatum, P lilacinium, P balaji, and P. funicolosum*). Since PSM are more suitable for high-volume production of crop, the objective of this study was to isolate the phosphate-solubilizing bacteria from rhizosphere of maize plants, to detect the phosphate-solubilizing ability, to examine the production of organic acids and to characterize the microorganisms at the phenotypic and genotypic level. In addition, this study was to examine the effect of phosphate-solubilizing bacteria as inoculants on plant growth.

2. Materials and methods {#s0010}
========================

2.1. Sample site and collection {#s0015}
-------------------------------

Soil samples were collected from eight different areas of Nainital region (29°23′N 79°27′E/29.38°N 79.45°E/29.38; 79.45.) of Uttarakhand, India. The plants were dug out, the excess bulk soil was removed by gently shaking, and the soil adhering the root was considered rhizosphere soil [@b0060] and collected in sterilized plastic bags.

2.2. Isolation of phosphate solubilizing bacteria {#s0020}
-------------------------------------------------

One gram (1 g) of each soil sample was dispersed in 9 ml of autoclaved distilled water, filtered by 125 mm Whatman® qualitative filter paper, Grade 1. One ml of the above filtered solution was again transferred to 9 ml of sterile distilled water to form 10^−2^ dilution. Similarly 10^−3^, 10^−4^, 10^−5^, 10^−6^, 10^−7^ and 10^−8^ serials were made for each soil sample [@b0065]. The serially diluted (10^−4^, 10^−5^ and 10^−6^) soil samples were plated (0.1 ml) on the Pikovskaya's agar containing tricalcium phosphate (TCP) as the phosphate source [@b0070]. The Pikovskaya's medium consisted of yeast extract 0.50 (g/l), dextrose 10.00 (g/l), calcium phosphate 5.00 (g/l), ammonium sulfate 0.50 (g/l), potassium chloride 0.20 (g/l), magnesium sulfate 0.10 (g/l), manganese sulfate 0.0001 (g/l), ferrous sulfate 0.0001 (g/l), agar 15 (g/l) and dissolved in 1000 mL distilled water. The pH of the media was adjusted to 7.0 before autoclaving at 15 lbs pressure (121 °C) for 15 min. Mix well and pour into sterile Petri plates (25 ml/plate) under laminar flow hood and allowed to solidify. Plates were incubated in inverted position in incubator for up to 7 days at 27--30 °C and colonies with a clear halo were marked positive for phosphates solubilization and were considered as PSB. These selected colonies were again subcultured (2--3 times) by striking method till the pure cultures were obtained on the same PVK media when grown at 30 °C. Isolated bacteria were kept on PVK agar slant at 4 °C for further study.

2.3. Morphological characterization {#s0025}
-----------------------------------

The bacterial species form characteristic colonies on Pikovskaya\'s Agar Media. Morphology of the isolates was studied by Gram staining using kit (K001-1KT, Hi Media) by the standard procedure [@b0075]. The stained cells were observed under compound microscope. The Gram reaction and cell morphology for efficient PSB strains were recorded. Motility of each bacterial strain was checked using HiMedia MIU medium (SL042). Bacterial strain with positive growth away from stabline causing turbidity was considered as motile.

2.4. Phenotypic identification of bacteria {#s0030}
------------------------------------------

Isolates were also tested for Indole test, Urease test, Catalase test, Voges-Proskauer (VP) test, Methyl Red (MR) test and Citrate test [@b0080]. The phenotypic properties of isolates were determined as described in Bergey's manual of systematic bacteriology [@b0085].

2.5. Analysis of phosphate solubilizing activity {#s0035}
------------------------------------------------

The qualitative as well as quantitative analysis of phosphate solubilizing activity of the selected isolates was conducted by plate screening method and broth culture method, respectively.

### 2.5.1. Qualitative measurement of phosphate solubilization {#s0040}

Bacterial isolates were screened for their TCP solubilizing activity on PKV plates. Isolates were spot inoculated on the center of agar plate aseptically. All the plates were incubated at 28 °C ± 2 °C for 7 days. A clear zone around a growing colony indicated phosphate solubilization and was measured as phosphate solubilization index (SI). SI was calculated as the ratio of the total diameter (colony + halo zone) to the colony diameter [@b0090].$$\text{PSI} = \frac{\text{Colony\ diameter} + \text{Halo\ zone\ diameter}}{\text{Colony\ diameter}}$$

All the observations were recorded in triplicate. Strains developing clear zones around their colonies could easily be identified as PSBs.

### 2.5.2. Quantitative measurement of phosphate solubilization {#s0045}

Quantitative estimation of solubilized P by bacterial isolate was done by the vanadomolybdophosphoric yellow color method [@b0095] in pikovskaya's broth containing 5000 µg/ml tricalcium phosphate.

The phosphate solubilizing ability of each isolate was tested using insoluble tricalcium phosphate \[Ca~3~(PO~4~)~2~\] as sole P source in Pikovskaya's medium. 10 ml of pikovskaya's broth containing 5000 µg/ml P in the form of tricalcium phosphate was inoculated with 0.1 ml of bacterial culture (inoculum adjusted to ∼2 × 10^8^ CFU/ml) at 28 °C ± 2.0 °C up to 8 days. After incubation, 1 ml of the supernatant was taken out on 2nd, 4th, 6th and 8th day.

The supernatant was obtained by centrifugation at 10,000 rpm for 20 min and was passed through a 0.45 µM millipore filter and then 0.1 ml of the supernatant (filtered) was mixed with 0.25 ml of Barton's reagent and volume was made up to 5 ml with double distilled water (ddw). After 10 min, the intensity of yellow color was read on spectrophotometer (UV--VIS Spectrophotometer-SL-159, Elico, India) at 430 nm and the amount of P-solubilized was extrapolated from the standard curve. The experiments were conducted in triplicates and values were expressed as their mean.

A standard curve was prepared by dissolving 0.02195 gm of potassium dihydrogen orthophosphate/Monopotassium phosphate (dried at 60 °C for 1 h and then cooled in desiccators) in 100 ml of double distilled water (ddw) and labeled as stock P solution. A further dilution of 15 ml of stock solution was taken and volume was made up to 25 ml with ddw and labeled as working solution**.** Aliquots of 0.2, 0.3, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 3.0 ml of working solution and 0.25 ml of Barton's reagent were added to each flask and the volume was made up to 5 ml with distilled water. After 10 min, the intensity of yellow color developed was read at 430 nm spectrophotometrically. Standard curve was prepared by plotting absorbance at 430 nm vs concentration of P.

### 2.5.3. Quantitative measurement of pH of the media {#s0050}

Initial pH and change in pH were also recorded on same interval (2nd, 4th, 6th and 8th day) by digital pH meter (OAKTON, pH 700). The experiments were conducted in triplicates and values were expressed as their mean.

2.6. Pot experiment {#s0055}
-------------------

The experiment was carried out in a greenhouse during May--June 2016 with four replications. A pot experiment consisted of one control (non-inoculated with PSB) and 3 PSB species. Test was conducted in pots (5 cm in diameter) containing 500 gm of soil. A 15 cm depth of soil was used from the agriculture field. Unsterile soil (silt loam, pH 7.5--8.0 mg/100 g; total organic C, 0.10%; available N, 36.8 mg/100 g; available P, 5 mg/100 g; available K, 12 mg/100 g; total Ca, 39.816 mg/100 g; total Na 22 mg/100 g, total Mg, 40.1 mg/100 g) was thoroughly mixed, passed through a 2 mm sieve and dried in sunlight for 7 days, and then sterilized three times by dry heat treatment for 2 h. at 121 °C. Tricalcium phosphate (TCP) was supplied as soil P fertilizer at the rate of 160 mg kg^−1^ based on the nutrient requirements of maize.

For testing the efficiency of isolated phosphate solubilizing bacteria, its effect was observed on growth of maize plant *in vitro*. Seeds were surface sterilized with sodium hypochlorite (2%) and alcohol (70%) for 1 min. Then seeds were washed with autoclaved distilled H~2~O to remove small amount of chemicals. The broth culture of each 3 isolates (single colonies) was made in Pikovskaya's medium. For this purpose, PSB suspensions were prepared by culturing on Pikovskaya's media and incubating on an orbital shaker at 160 rpm, 30 °C, for 48 h. Then bacterial cells were harvested by centrifugation for 5 min at 13,081*g* (10,000 rpm), 21 °C, in RAMI centrifuge, and washed with sterile distilled water. The cell pellet was resuspended with sterile distilled water, and then cells were further adjusted to 2.0 × 10^8^ colony forming units (CFU)/ml (at O.D 430). After making the broth culture, the equal numbers of seeds of maize were soaked in each broth culture separately for 12 hrs at 28 °C. The equal number (4 seeds in each pot) of seed was potted in the sterile soil. Previously prepared 2 mL of broth culture was uniformly applied on seeds and then again covered with uniform 3 cm layer of soil. One pot was kept as control in which the seeds were potted in sterile soil without soaking in any culture of phosphate solubilizing bacteria. Pots were watered daily to maintain soil field capacity during the study period. Agronomic variables (shoot and root length and dry weigh) were evaluated 20 days after inoculation. At the end of the study, plant growth parameters -- such as% of Seed germination**,** shoot length, root length, shoot dry matter, root dry matter and number of leaves were calculated.$$\%\mspace{6mu}\text{of\ Seed\ germination\ was\ calculated\ by\ following\ formula-}$$$$\%\mspace{6mu}\text{of\ Seed\ germination} = \frac{\text{Number\ of\ seeds\ germinated}\mspace{6mu} \times 100}{\text{Number\ of\ seeds\ planted}\mspace{6mu}}$$

2.7. Analysis of organic acids {#s0060}
------------------------------

HPLC reverse-phase chromatography was used for the analysis of organic acids produced by PSB strains in broth medium. On 8th day, supernatant was taken from bacterial cultures that had been centrifuged at 13,000 rpm for 15 min. Samples were filtered through a 0.45 µM Millipore filter. 20 μl of filtrates was then injected into an HPLC column (Symmetry, C-18, 250 mm × 4.6 mm, 5 μm) using a glass syringe. The operating conditions consisted of 20 µM KH~2~PO~4~ and methanol (60:40v/v) were used as mobile phase at a constant flow rate of 1 ml/min and the column was operated at 30 °C. Retention time (RT) of each signal was recorded at a wavelength of 256 nm. The software used for HPLC analyses was the chemstation. HPLC profiles of the culture filtrates were analyzed by comparison with the elution profiles of pure organic acids (Bio-Rad Standard containing citric acid, gluconic acid, formic acid, pyruvic acid and oxalic acid) and the peak areas of their standards.

2.8. Genomic DNA isolation, PCR amplification and sequencing of 16S rDNA gene {#s0065}
-----------------------------------------------------------------------------

Total genomic DNA was extracted by CTAB method. After DNA extraction, PCR reaction was performed in a veriti thermal cycler (Thermo Fisher Scientific). The universal primers (27F Forward primer 5′-AGAGTTTGATCCTGGCTCAG-3′ and 939r reverse primer 5′-CTTGTGCGGGCCCCCGTCAATTC-3′) were used for the amplification of the 16S rDNA gene fragment. PCR amplifications were carried out in 50 μl PCR reaction mixture consisted of 3 μl template DNA (100 ng -- 1.0 μg), 25 μl 2X KAPA Taq ready mix \[containing dNTPs (0.2 mM of each dNTP at 1X), MgCl~2~ (1.5 mM at 1X)\], and 1 μl of both forward and reverse primers. The amplification cycle consisted of an initial denaturation step of 3 min at 93 °C, followed by 35 cycles of 30 sec at 95 °C (denaturation), 30 sec at 60 °C (annealing) and 30 sec at 72 °C (extension), with a final extension step for 3 min at 72 °C. PCR products were electrophoresed using 1.5% agarose stained with ethidium bromide (0.5 μg/ml), and visualized using a Gel luminax 312. PCR products of isolates were purified using PCR purification kit (Qiagen, Germany) according to the manufacturer\'s instructions and the amplified product was sequenced on Sanger sequencing platform at Pragati Biomedical*,* New Delhi for sequencing. All the bacterial isolates were classified by BLAST analysis of their respective 16S rRNA gene partial sequences. Various databases including eztaxon, NCBI and Ribosomal Database Classifier (RDC) were used to determine the exact taxonomical classification of individual organisms [@b0100]. For the determination of closest type strains NCBI Blast was used [@b0105].

2.9. Phylogenetic analysis {#s0070}
--------------------------

Sequence data were compared visually and sequences were aligned using the Clustal W software and distances were calculated according to Kimura\'s two-parameter method [@b0110]. Phylogenetic trees were produced using the neighbor-joining method. Bootstrap analysis was based on 1000 resamplings. The MEGA (Molecular Evolutionary Genetics analysis) 6.05 package was used for all phylogenetic analysis [@b0115]. The final sequence was submitted to GenBank [@b0120].

2.10. Statistical analysis {#s0075}
--------------------------

Three/four replicates were used for each experiment. The data were analyzed by analysis of variance (ANOVA) and the means were compared with Tukey's test at *P* \< 0.05. In the field experiment the plots with different treatments were arranged in a randomized complete block design with three replicates per treatment.

3. Results {#s0080}
==========

3.1. Isolation and identification of phosphate solubilizing bacteria (PSB) {#s0085}
--------------------------------------------------------------------------

In the present study, the collected soil samples were evaluated *in vitro* for P solubilizing bacteria in Pikovskaya's (PKV) plates supplemented with 1.5% (w/v) agar. A total of 8 phosphate solubilizing bacterial colonies were isolated on PVK agar medium, containing tricalcium phosphate (TCP). Out of 8 bacterial isolates, 3 isolates (A4, C1 and H6) were found to be potent phosphate solubilizers showing clear halo zone around its colony. The halo zone formation around the bacterial colonies could be due to the production of organic acids or due to the production of polysaccharides or due to the activity of phosphatase enzymes of phosphate solubilizing bacterial strains [@b0125], [@b0130], [@b0135], [@b0140].

3.2. Analysis of phosphate solubilizing activity {#s0090}
------------------------------------------------

### 3.2.1. Qualitative measurement of phosphate solubilization {#s0095}

Qualitative P-solubilization potential was anticipated by observing the large clear/halo zones around the bacterial colonies on Pikovskaya agar media and PSI was calculated. 3 isolates were found to have ≥4.0 phosphate solubilizing index (PSI). Maximum PSI was observed by C1 (4.88 ± 0.69) followed by H6 (4.64 ± 1.12) and A4 (4.48 ± 0.30) ([Table 1](#t0005){ref-type="table"}).Table 1Qualitative estimation of phosphate solubilization efficiency of A4, C1 and H6.Bacterial isolatesColony diameter (cm)Halo zone diameter (zone of solubilization in cm)Phosphate solubilization index (PSI)A41.53 ± 0.115.33 ± 0.254.48 ± 0.30C11.7 ± 0.266.46 ± 0.494.88 ± 0.69H61.73 ± 0.375.96 ± 0.724.64 ± 1.12

### 3.2.2. Quantitative measurement of phosphate solubilization {#s0100}

As shown in [Fig. 1](#f0005){ref-type="fig"}, Ca~3~(PO~4~)~2~ containing medium solubilization is slow in the first two days and then becomes fast, reaching the highest (305.49 ± 10.7281 μg/ml) in 8th day and after 8th day no further concentration of soluble P change was seen (data not presented). The amount of P-solubilized was extrapolated from the standard curve ([Fig. 2](#f0010){ref-type="fig"}). Maximum P solubilization was observed by C1 (305.49 ± 10.72 μg/ml) followed by H6 (282.38 ± 11.81 μg/ml) and A4 (277.72 ± 1.45 μg/ml). It was also found that the growth of the isolate caused a significant increase of acidity in Ca~3~(PO~4~)~2~ containing medium. In 8th days, pH in the culture medium declined to 3.08 ± 0.08 from an initial pH of 7.11 ([Fig. 3](#f0015){ref-type="fig"}) and after 8th day, no further pH change was seen (data not presented). Minimum pH was observed by C1 (3.08 ± 0.08) followed by A4 (3.36 ± 0.11) and H6 (3.82 ± 0.12)**.**Figure 1Phosphate solubilizing activity of A4, C1 and H6 isolates during 8 days of incubation.Figure 2Standard curve.Figure 3Change in pH by 3 efficient phosphate solubilizing bacterial stain in liquid broth media during 8 days of incubation.

3.3. Morphological characterization of PSB {#s0105}
------------------------------------------

Bacterial species were further examined for their Gram\'s reaction and shape. Characteristically, all the isolates were Gram negative and of rod shaped with flagellum, motile and most of were shining. The results are summarized in [Table 2](#t0010){ref-type="table"}.Table 2Morphological characterization and biochemical characterization of A4, C1 and H6 isolates.Bacterial isolatesCell shapeGram stainingMotility testIndole testUrease testCatalase testVoges-proskauer (VP) testMethyl red (MR) testCitrate testA4Rod shaped, Larger, Single flagellum, Shining, Yellowish colored, Smooth−Motile++++−+C1Rod shaped, Small, Single flagellum, Shining, Cream colored, Smooth−Motile−+++−+H6Rod shaped, Larger, Single flagellum, Shining, Yellowish colored, Smooth−Motile++++−+

3.4. Biochemical characterization of PSB {#s0110}
----------------------------------------

These isolates were further characterized by a series of biochemical reactions and identified as genus *Burkholderia* and *Alcaligenes*. These bacteria were well known identified as phosphate solubilizers in many studies. [@b0145], [@b0150], [@b0155], [@b0160]. All 3 bacteria have shown positivity for urease, catalase test, Voges-Proskauer (VP) test and citrate test. Bacteria isolate C1 was negative for indole test and Methyl Red (MR) test. However, bacteria isolate A4 and H6 were negative for Methyl Red (MR) test. The results are summarized in [Table 2](#t0010){ref-type="table"}.

3.5. Pot examination {#s0115}
--------------------

For determination of plant parameters, all maize plants were harvested after 20 days and the growth parameters, such as shoots and roots height, fresh and dry weight and number of leaves and leaves length were recorded. The shoots were separated from the roots at 0.5 cm above the surface of soil. The roots were washed out with tap water to remove the soil particles. The dry weight of roots and shoots was measured after drying in an oven for 48 h at 60 °C and compared with control plant. A4 isolates showed shoots height 5.75 ± 0.46 cm, shoots fresh weight 1.07 ± 0.23 gm, shoots dry weight 0.46 ± 0.01 gm, roots height 12.9 ± 1.8 cm, roots fresh weight 0.52 ± 0.17 cm and roots dry weight 0.25 ± 0.02 cm and leaves height 11.15 ± 0.94 cm. C1 isolates showed shoots height 6.5 ± 0.58 cm, shoots fresh weight 1.09 ± 0.41 cm, shoots dry weight 0.48 ± 0.01 cm, roots height 13.875 ± 1.6 cm, roots fresh weight 0.61 ± 0.04 gm and roots dry weight 0.52 ± 0.12 gm and leaves height 13.075 ± 0.62 cm. H6 isolates showed shoots height 6.15 ± 0.5 cm, shoots fresh weight 1.04 ± 0.1 gm, shoots dry weight 0.43 ± 0.17 gm, roots height 13.27 ± 1.34 cm, roots fresh weight 0.54 ± 0.05 gm and roots dry weight 0.26 ± 0.04 gm and leaves height 12.35 ± 0.51 gm. After comparing, we found that there was significant difference (*p* \< 0.05) between treated seed and without treated seed (control). The results are summarized in [Table 3](#t0015){ref-type="table"}.Table 3Effect of phosphate solubilizing bacteria (A4, C1 and H6) on plant growth.Seed weight (g)% Of seed germinationShootRootNumber of leavesMaximum leaves length (cm)Height (cm)Fresh weight (g)Dry weight (g)Maximum length (cm)Fresh weight (g)Dry weight (g)Control0.36 ± 0.02 (a)100%3.4 ± 0.18 (a)0.58 ± 0.02 (a)0.20 ± 0.07 (a)7.4 ± 0.14 (a)0.31 ± 0.01 (a)0.13 ± 0.01 (a)35.85 ± 0.53 (a)A40.33 ± 0.01 (a)100%5.75 ± 0.46 (b)1.07 ± 0.23 (b)0.46 ± 0.01 (b)12.9 ± 1.8 (b)0.52 ± 0.17 (b)0.25 ± 0.02 (b)311.15 ± 0.94 (b)C10.35 ± 0.02 (a)100%6.5 ± 0.58 (b)1.09 ± 0.41 (b)0.48 ± 0.01 (b)13.875 ± 1.6 (b)0.61 ± 0.040.52 ± 0.12313.075 ± 0.62 (b)H60.34 ± 0.03 (a)100%6.15 ± 0.5 (b)1.04 ± 0.1 (b)0.43 ± 0.17 (b)13.27 ± 1.34 (b)0.54 ± 0.05 (b)0.26 ± 0.04 (b)312.35 ± 0.51 (b)[^1][^2]

3.6. Production of organic acid {#s0120}
-------------------------------

Analyses of organic acids production by HPLC are presented in the chromatogram in [Fig. 4](#f0020){ref-type="fig"} and were compared with their standard. The results revealed that three different kinds of organic acids - gluconic acid, formic acid and citric acid along with unknown acid were produced from PSB isolates. C1 isolates showed the presence of two organic acids (gluconic acid and formic acid) and one unknown acid. Two isolates (A4 and H6) produce only one organic acid (citric acid). The results are summarized in [Table 4](#t0020){ref-type="table"}.Figure 4(a) HPLC chromatogram of organic acids produced from A4 isolates. The corresponding peak detected in culture medium was of citric acid. (b) HPLC chromatogram of organic acids produced from C1 isolate. The corresponding peaks detected in culture medium were of gluconic acid and formic acid including unknown peak. (c) HPLC chromatogram of organic acids produced from H6 isolates. The corresponding peak detected in culture medium was of citric acid.Table 4Variety and quantity of organic acid produced by A4, C1 and H6 isolates.SampleName of organic acidRetention time (Min)Amount of organic acid in culture filtrate (μg/ml)pH of the liquid mediaStandardCulture filtrateA4Citric acid2.392.381.683.36C1Gluconic acid1.891.900.8031670523.1Formic acid1.491.427.48114555H6Citric acid2.392.400.6826045443.45

3.7. Genomic DNA isolation, PCR amplification and sequencing of 16S rDNA gene {#s0125}
-----------------------------------------------------------------------------

The extracted DNA was analyzed on agarose gel electrophoresis. A good quality of intact DNA having high molecular weight was obtained. The genomic DNA of 3 bacterial isolates was amplified by 16S rRNA and was run on agarose gel (1.5%). The isolates indicated the positive signal in the form of discrete and distinct 1000 bp bands on gel. Results are shown in [Fig. 5](#f0025){ref-type="fig"}.Figure 5Electrophoresis amplification result of three selected isolates based on 16 S rRNA genes. M: Marker 1 KB, Well 1--3: Isolate A4, Isolate C1 and Isolate H6.

3.8. Genotypic identification and phylogenetic analysis {#s0130}
-------------------------------------------------------

The Blast search performed against GenBank revealed a large number of similar 16S rRNA gene sequences. The blast results of most promising bacterial isolates showed \>99% similarities between available GenBank entries in which C1 isolate was identified as *Burkholderia cepacia* and A4 and H6 were identified as *Alcaligenes aquatilis*. Results are shown in [Table 5](#t0025){ref-type="table"}. These sequences were submitted to the NCBI database and the accession numbers were obtained. [Fig. 6](#f0030){ref-type="fig"} showed a phylogenetic tree including the isolates (C1, A4 and H6) from this study and some closely related sequences obtained from NCBI. Two distant phylogenetic groups corresponding to the genera *Burkholderia* sp. and *Alcaligenes* sp. were obtained. In the phylogenetic group of genus Burkholderia, isolate C1 was closely related to *Burkholderia cepacia*. The isolates A4 and H6 formed a cluster together and were closely related to *Alcaligenes aquatilis*. The number beside the node is the statistical bootstrap value. In brackets are the GenBank accession numbers of the 16S rRNA genes. The tree was rooted using *Enterobacter cloacae* ATCC13047 (AJ251469) as outgroup.Table 5Molecular characterization of A4, C1 and H6 isolates.IsolateMost closely related organism16 S rRNA accession no.StrainSpecies% SimilaritySequence query coverage (%)A4Alcaligenes aquatilis99%97%KX345319LMG22996C1Burkholderia cepacia99%97%KY435830ATCC 25416H6Alcaligenes aquatilis99%96%KX345927LMG 22996Figure 6Phylogenetic tree based on 16S rDNA gene sequences showing the position of *Burkholderia cepacia* (C1), *Alcaligenes aquatilis* (A4) and *Alcaligenes aquatilis* (H6) strains with regard to related species, which was generated based on pairwise nucleotide distance of the Kimura 2-parameter using the neighbor-joining method included in the MEGA 6.05 software package. The scale bar indicates 0.02 substitutions per nucleotide position. The number beside the node is the statistical bootstrap value. In brackets are the GenBank accession numbers of the 16S rRNA genes.

4. Discussion {#s0135}
=============

PSB is a phosphate-solubilizing microorganism which can be routinely screened by a plate assay method using Pikovskaya medium. The bacteria will grow on this medium and form a clear zone around the colony [@b0165], [@b0170]. These bacteria can convert tricalcium phosphate in the medium from insoluble to soluble forms [@b0175]. Previous reports described some *Burkholderia* strains as being efficient phosphate solubilizers [@b0180], [@b0185]. Phosphate solubilization potential has been attributed to the strains ability to reduce pH of the surroundings, either by releasing organic acids or protons [@b0190]. Organic acids, such as gluconic acid, formic acid, oxalic acid, and citric acid, secreted by PSB can directly solubilize mineral phosphate as a result of anion exchange or indirectly chelate both Fe and Al ions associated with phosphate. This leads to increased P availability, which ultimately increases plant P uptake.

In the present study, maize rhizosphere was selected for isolation of phosphate solubilizing bacteria. This habitat was chosen due to greater possibility of occurrence of phosphate solubilizing bacteria. Panhwar et al. found considerably higher number of PSB population in the rhizosphere in comparison with non-rhizospheric or bulk soil [@b0195]. Barea et al. also screened several rhizospheric bacteria for phosphate solubilizing potential [@b0200]. In this study, 8 bacterial isolates produced a halo zone around colonies, of these the 3 best isolates were selected based on the basis of phosphate solubilizing index (\>4), lower pH (\<4) and phosphate solubilizing ability (\>250 μg/ml). We have found the soluble P concentration was inversely correlated with pH in culture medium during the growth period of bacteria. This was reported earlier by Chen et al. and Xiang et al. [@b0205], [@b0210]. The data showed negative correlation (*r* = −0.68) between pH and soluble P content of the medium and the positive correlation (*r* = 0.96) between soluble P content and PSI, suggested that acidification of the medium can facilitate phosphate solubilization. However, our results contrasted with the report of Tao et al., which documented that there was no correlation between the pH of culture medium and the P mineralization by the organic phosphorus mineralizing bacteria, suggesting that mineralization of organic phosphorus may have different mechanisms of phosphorus solubilizing [@b0215].

In addition, biochemical tests performed for the PSB isolates led to their probable identification up to genus level. Results for some of the common tests performed are listed in [Table 2](#t0010){ref-type="table"}. As shown in [Table 2](#t0010){ref-type="table"}, Isolate C1, A4 and H6 were gram negative, rod-shaped and motile. Isolate C1 was negative for indole test and methyl red (MR) test, and positive for urease test, catalase test, Voges-Proskauer (VP) test and citrate test. Isolates A4 and H6 were negative for methyl red (MR) test and positive for other tests.

Increased growth and P uptake of several crop plants due to PSB inoculation have been reported in a number of studies conducted under both growth chamber and greenhouse conditions [@b0220], [@b0225], [@b0230], [@b0190], [@b0235], [@b0240].

The effects of PSB on the growth of maize in a pot trial found that all 3 isolates showed significant stimulating effect on maize growth (*P* ≤ 0.05) in root and shoot height, and root and shoot fresh and dry weight and leaves length with respect to control ([Table 3](#t0015){ref-type="table"}). Generally, available phosphorus in soil can be increased by low-molecular-mass organic acids produced from PSB [@b0245]. The results of this study demonstrated that three types of organic acids were produced along with one unknown acid by PSB (on day 8). This was a significant characteristic of these bacteria, including a drop in pH and soluble phosphorus which indicates that organic acid production may have a central role in the solubilization of an insoluble phosphate source. [Fig. 4](#f0020){ref-type="fig"}b demonstrates that C1 isolates produced two organic acids such as gluconic acid (0.80 μg/ml) and formic acid (7.48 μg/ml) and one unknown acid, while A4 isolate ([Fig. 4](#f0020){ref-type="fig"}a) and H6 isolate ([Fig. 4](#f0020){ref-type="fig"}c) produced only citric acid along with two different concentrations 1.68 μg/ml and 0.68 μg/ml, respectively and the results are summarized in [Table 4](#t0020){ref-type="table"}.

In this study, multiple organic acid isolate of C1 showed phosphate solubilizing (305.49 ± 10 μg/ml) activity and a pH (3.08 ± 0.08) drop greater than single organic acid isolates of A4 (277.72 ± 1.45 μg/ml, pH 3.36 ± 0.11) and H6 (282.38 ± 11.81 μg/ml, pH 3.82 ± 0.12). This result similar with the findings of Chen et al. [@b0205], [@b0250], who reported that a combination of multiple organic acids could accomplish mineral solubilization and pH drop better than a single organic acid. However, the phosphate solubilization ability may also depend on other factors such as substrate, medium, temperature, time, and other mechanisms in addition to organic acid production.

Valverde et al. [@b0255] reported that *Burkholderia* sp. produced gluconic acid, acetic acid and citric acid, and showed that these bacterial genera had high efficiency in solubilizing insoluble phosphate. Other organic acids could be produced by them as well, such as butyric acid, lactic acid, succinic acid, malic acid, glycolic acid, fumaric acid [@b0260], propionic acid, formic acid [@b0265] and unknown organic acids [@b0270]. Furthermore, C1 was the best isolate for significantly enhancing all plant growth parameters (higher than uninoculated plants); including shoot height (6.5 ± 0.58 cm), shoot fresh weight (1.09 ± 0.41 gm), and shoot dry weight (0.48 ± 0.01 gm), root length (13.875 ± 1.6 cm), root fresh weight (0.61 ± 0.04 gm) root dry weight (0.52 ± 0.12 gm) and leaves height (13.075 ± 0.62 cm). Regarding the ability of mineral phosphate solubilization and types of organic acids of C1, we found that this isolate had high ability for solubilization of tricalcium phosphate, and produced gluconic acid and formic acid. This indicated that gluconic acid and formic acid may be related to the mechanism of PSB in promoting maize growth. Our findings correspond to results reported by Afzal and Bano [@b0275] who reported that wheat (*Triticum aestivum*) inoculated with PSB (Pseudomonas sp. strain 54RB) significantly increased root and shoot weight, plant height, spike length, grain yield and P uptake higher than the control. Similar results were also found in cowpea (*Vigna unguiculata*) which revealed the enhancement of nodulation, root and shoot biomass, straw and grain yield and P and N uptake of plants inoculated with *Gluconacetobacter* sp. and *Burkholderia* sp. [@b0280].

Moreover, the cultures were also identified using the modern 16S rRNA technique. According to the sequence of the 16S rRNA gene, 1 isolates belong to *Burkholderia* sp. and other two belongs to the *Alcaligenes* sp. Sequences from 3 isolates were almost 99% similar to other 16S rRNA sequences from the NCBI database. As shown in [Table 5](#t0025){ref-type="table"}, bacterial isolates of C1 were identified as *Burkholderia cepacia* (99% sequence homology) and were belong to *B. cepacia* complex (Bcc) and bacterial isolates of A4 and H6 were identified as *Alcaligenes aquatilis* (99% sequence homology). In the rhizosphere of maize, *Burkholderia cepacia* represents probably one of the predominant bacterial species [@b0285]. Some studies also revealed that *B. cepacia* is present in large numbers associated with the roots and the rhizosphere of maize, [@b0290], [@b0295]. Furthermore, *B. cepacia* has been reported to compete, survive, and colonize roots of various maize cultivars [@b0300], to enhance the productivity of several crop plants [@b0305], and to antagonize and suppress all the major soilborne fungal pathogens of maize, such as those belonging to the genus *Fusarium* [@b0310], [@b0315]. In addition to phosphate solubilization, *Burkholderia sp*., especially *Burkholderia cepacia* has potential for antimicrobial activity and promoting plant growth of maize [@b0320].

Phylogenetic tree based on 16S rRNA sequences of C1, A4 and H6 was constructed with other closely related species of *Burkholderia* and *Alcaligenes*, obtained from NCBI ([Fig. 6](#f0030){ref-type="fig"}). This phylogenetic analysis revealed that C1 isolates closely matched with Burkholderia cepacia, B. seminalis and B. vietnamiensis and both A4 and H6 isolates closely matched with *Alcaligenes aquatilis* which are completely separated from Enterobacter sp. by 100 bootstrap values. However, 16S rRNA based identification has limited utility in the genus *Burkholderia*, especially within the *B. cepacia* complex, where it cannot be used as a mean to accurately distinguish this to the species level [@b0325], [@b0330]. In order to identify C1 to the species level, molecular analysis of phylogenetic marker, recA, should be used for further study. The *recA* gene has been widely applied in bacterial systematics [@b0335] and has proven very useful for the identification of *B. cepacia* complex species, with phylogenetic analysis of sequence variation within the gene enabling discrimination of all nine current species within the *B. cepacia* complex [@b0325].

Moreover, decreasing pH in media and production of organic acid (Citric acid) also conform the phosphate solubilizing activity of A4 and H6 isolates and may consider first time as novel phosphate solubilizing bacteria. In summary, the rhizosphere soil of maize in uttarakhand region was a good source of *Burkholderia* sp. with phosphate solubilizing potential. Previous studies have also reported that some *Burkholderia* species are efficient phosphate solubilizers [@b0340].

Based on the results found in present study, we concluded that *Alcaligenes aquatilis* may consider as novel phosphate solubilizer. In addition, *Burkholderia cepacia* strain had great potential for use as soil inoculants when compared to others isolates. These PSB isolates hold good prospects in future for sustainable agricultural practice with minimal chemical inputs and enhances organic farming. Production and utilization of biofertilizer formulation using these rhizobacterial isolates in agricultural fields can increase soil fertility and can increase the crop yield. However, before using these bacterial isolates as a biofertilizer, it should be investigated for crop productivity.

5. Conclusion {#s0140}
=============

In conclusion, 3 bacterial strains from maize rhizosphere soil in Nainital region were isolated, purified, characterized and identified by 16S rRNA gene sequencing. These bacterial strains were identified as belonging to the genera *Burkholderia* and *Alcaligenes.* From this study, we have isolated efficient phosphate solubilizing bacteria, which released high amounts of P in broth media and released 3 different kinds of organic acid, were detected from the culture medium by HPLC analysis. The results of our isolates highlight their importance as phosphate solubilizers and recommend these strains as biofertilizers. Further studies could be performed to evaluate their effect on plant growth promoting properties under greenhouse conditions as well as the field ones.
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[^1]: Values are expressed as means ± standard deviation of four independent data. Data were analyzed by ANOVA and the means were compared using Tukey's test at *P* \< 0.05.

[^2]: Mean values (mean ± S.D) sharing the same letter do not differ significantly at *P* ≤ 0.05.
